Background {#s1}
==========

A DNA sequence is a long stretch consisting of four types of nucleotides: Adenine (A), Cytosine (C), Guanine (G) and Thymine (T). The lengths of the 24 chromosomes in human range from 50 to 250 million base pairs \[[@R01]\]. Compression is desirable to uncover similarities among sequences, and provide a means to understand their properties in addition to reduce storage requirement \[[@R02],[@R03]\]. State-of-the-art compression algorithms work by finding approximate repeats and approximate reverse complement repeats in the current DNA sequence. The approximate repeats refer to those repeats that contain errors, i.e., with certain unmatched nucleotides between two subsequences. The reverse complement means nucleotides in a sequence is the reverse ordering of nucleotides in another sequence, but with each nucleotide replaced with its complement. For example, the subsequences AAACGT and ACGTTT are reverse complement repeats as (A, T) and (G, C) are complement bases.

Most DNA-based compression algorithms rely on encoding together similar repeated regions found within the sequence. Biocompress is the first algorithm designed specifically for compressing DNA sequences \[[@R04]\]. Both Biocompress and its second version Biocompress-2 are based on a sliding window algorithm known as LZ77 \[[@R04]-[@R06]\]. Exact matches and complementary palindromes are found so that the matched subsequences can be encoded with respect to identical subsequences occurred in the past. The matched sequences are replaced by two parameters: the start position of the previously occurred subsequence and the repeat length in the analysis. An order-2 arithmetic coding (arith-2) is used for or non-repeated regions.

Cfact \[[@R07]\] utilizes a two pass algorithm. A suffix tree is used for finding exact matches in the first pass. The matched subsequences are encoded using previous references if there is a compression gain. Otherwise, they are kept uncompressed in the second pass. Unlike Biocompress and Cfact, GenCompress \[[@R02],[@R08]\] used approximate matches in addition to exact matches. GenCompress-1 uses substitutions while GenCompress-2 uses deletions, insertions and substitutions to encode repeats. CTW+LZ method is based on the context tree weighting method (CTW) and LZ based compression \[[@R03]\]. Long exact/approximate repeats and complementary palindromes repeats are encoded by the LZ-based algorithm, whereas short subsequences are compressed using CTW. Execution time is too high for long sequences despite obtaining good compression.

DNACompress \[[@R09]\] consists of two phases. The first phase finds all approximate repeats including complementary palindromes by a separate software tool called PatternHunter \[[@R10]\]. The second phase encodes those approximate repeats and non-repeating regions. DNACompress not only provides good compression, but is also significantly faster than GenCompress. DNAC \[[@R11]\] consists of four phases. The suffix tree is built in the first phase to locate exact matches. In the second phase, all the exact repeats are extended to approximate repeats by dynamic programming. In the third phase, the optimal non-overlapping repeats are extracted from the overlapping regions. All the repeats are then encoded in the last phase. Similar to DNAC, DNAPack uses dynamic programming approach for identification and encoding of repeats \[[@R12]\].

It is seen that all DNA-based compression algorithms find repetitions within the DNA sequence. Longer repetitive length implies higher compression gain. The compression ratio attained is high if highly similar subsequences are found. It is well known that there are similarities among different chromosome sequences. However, cross-chromosomal similarities are seldom exploited in DNA sequence compression. The objective of this paper is to study self-chromosomal and cross-chromosomal similarities; to investigate use of cross-chromosomal similarity for compression; and to demonstrate the advantage of cross-chromosomal similarity in multiple sequence compression. It should be noted that similar subsequences located within the chromosome sequence are called self-(chromosomal) similarity/ self-reference while those located in other chromosome sequence are called cross-(chromosomal) similarity/ cross-reference in this analysis.

Methodology {#s2}
===========

Dataset {#s2a}
-------

The sixteen chromosomes of *S. cerevisiae* are used to investigate chromosome similarities. They are downloaded from elsewhere \[[@R13]\]. The search engine PatternHunter is employed to search for repeats. All repeats are ranked by a score. It defines similarity between two subsequences. A large score means that the two subsequences are similar to each other.

Similarity between two chromosome sequences {#s2b}
-------------------------------------------

Repetitions between two chromosome sequences are first investigated. We found that the repetitive lengths found within a chromosome sequence are not necessarily longer than that found in another chromosome. In an example, the top three longest repetitive regions found within Chr I are about 15000, 2600 and 2300 bases long. However, the lengths of the repetitive regions found between Chr I and Chr VIII are 17000, 14000 and 6800. This example shows that the lengths of the repetitive regions found between Chr I and Chr VIII are always larger than those found within Chr I alone. The lengths of the repetitive regions found between Chr I and other chromosomes including Chr II, Chr IV, Chr VII, Chr X, Chr XII, Chr XIII, Chr XV and Chr XVI are also significant. Similar observations are found for other chromosomes. This shows that cross-chromosomal similarities between two sequences are often significant. They are exploited beneficially for compression purposes.

Cross-chromosomal predictions {#s2c}
-----------------------------

The potential gain in cross-chromosomal compression is obtained by finding the total lengths of subsequence in the current chromosome sequence that is predicted from another chromosome sequence. The lengths of these cross-reference subsequences determine the potential compression gain in multiple DNA sequences compression. Long length implies a high compression ratio.

Chromosomes are classified into three classes as shown in Column 2 of Table 1 ([supplementary material](#SD1){ref-type="supplementary-material"}) using comparison of self-chromosomal and cross-chromosomal prediction length. The first class, consisting of Chr III, Chr V, Chr VIII, Chr XI and Chr XIV, has high similarities with chromosomes other than itself. More than 8 chromosomes show cross-repetitive lengths longer than the self-repetitive length. This implies that a potentially high compression gain can be obtained if these sequences employ cross-referencing strategy with subsequences predicted from other chromosomes.

The second class consists of Chr VII, Chr XIII, Chr XV and Chr XVI. Although just 3 to 7 chromosomes show cross-repetitive lengths longer than the self-repetitive length, a potential compression gain is also expected since the cross-repetitive lengths are still large. The last class consists of Chr I, Chr IV and Chr XII. There are less than 3 chromosomes having cross-repetitive lengths longer than the self-repetitive length. In Chr I, the number of nucleotides predicted from Chr VIII is almost doubled of the self-repetitive length within Chr I. In addition, in Chr XII and Chr IV, self-referencing and cross-referencing are indeed significant since the number of nucleotides respectively predicted from Chr IV and Chr XII is comparable to the self-repetitive length. Thus, the combination of self-repetitive and cross-repetitive lengths would still contribute to better compression.

Discussion {#s3}
==========

Besides considering the total length of subsequences within a chromosome that can be referenced from other chromosomes, their distribution within the sequence are also important. Let the subsequence in a sequence S that is similar to a subsequence in sequence i be S(i) and the subsequence in S that is similar to a subsequence in sequence j be S(j), the total length of subsequences within S that can be referenced from i and j is given by T=\|S(i)\|+\|S(j)\|−\|S(i)∩S(j)\|. Obviously if these subsequences are well spread out such that \|S(i)∩S(j)\| is zero, i.e., they do not overlap in position, T is maximized. This implies that a high proportion of the nucleotides within S can be predicted by cross-referencing among chromosomes, resulting in a high compression gain.

Locations of similar subsequences among chromosomes {#s3a}
---------------------------------------------------

[Figure 1](#F1){ref-type="fig"} shows locations of similar subsequences found among chromosomes. The five chromosomes in [Figure 1a](#F1){ref-type="fig"} prove that the portions of self-repetitive regions are very small, as compared to that of cross-repetitive regions with other chromosomes. In the case of Chr XI, Chr XIV, Chr VIII and Chr V, the self-repetitive subsequence is not seen. Similar subsequences predicted from other chromosomes appear in different locations. For example, in Chr XI, the four similar subsequences appear in four different regions. Similar observations are also seen from [Figure 1b](#F1){ref-type="fig"} for second class.

[Figure 1c](#F1){ref-type="fig"} shows locations of similar subsequences for the third class. In Chr I, we can see that the portions of cross-repetitive regions with either Chr VIII or Chr XV are much larger than that of self-repetitive region. In Chr XII, the portions of cross-repetitive regions with Chr XIII or Chr IV are comparable to that of self-repetitive region. In Chr IV, the portions of cross-repetitive regions with Chr XII are also comparable to that of self-repetitive region. [Figure 1](#F1){ref-type="fig"} illustrates that cross-repetitive regions are often significant when compared with self-repetitive regions. Furthermore, subsequences that are cross-referenced from other chromosomes appear in different locations within the chromosome.

Cross-chromosomal predictions {#s3b}
-----------------------------

We considered two cases for cross-chromosomal prediction. In the first case named prediction-2, the prediction is restricted to only two chromosome sequences including the current chromosome sequence. In the second case named prediction-16, the prediction is from the current chromosome and the other 15 chromosome sequences. The self-prediction and cross-predictions are examined to remove all those overlapping regions and are sorted to produce a combined list. This combined list is then used to show all the repetitive regions including both self-chromosomal and cross-chromosomal repetitions. Table 1 ([supplementary material](#SD1){ref-type="supplementary-material"}) shows the results of the analysis.

In prediction-2, the cross-predictions come from another chromosome that gives the longest repetitive regions. In column 5(a) and (b), it is clear that the cross-predictions are always significant, as compared to the self-predictions. In particular, the cross-predictions are in the range of 5% to 22%. In contrast, the self-predictions are always less than 3.5%. In prediction 16, the cross-predictions from the other 15 chromosomes are listed in column 5(c). The cross-predictions are in the range of 12.5% to 32%, whereas the self-predictions are always less than 3%. As a result, our study indicates that it would be advantageous to compress different chromosomes together to take into account both self-similarity and cross-similarities.

Self-chromosomal and cross-chromosomal similarities for compression {#s3c}
-------------------------------------------------------------------

Two chromosome sequences are compressed by considering self-chromosomal similarities or by both self-chromosomal and cross-chromosomal similarities using GenCompress.

Column 6(b) shows the number of bits used if two chromosomes are compressed separately (consider only self-chromosomal similarities). Column 6(c) shows the number of bits if the two chromosomes are concatenated and compressed together. The savings are shown in Column 7. Column 7(a) is the savings resulting from self-chromosomal predictions as compared to the no compression case. Column 7(b) is the savings from cross-chromosomal predictions as compared to the self-chromosomal predictions. We can see that there is always extra savings by considering cross-chromosomal predictions in addition to self-chromosomal predictions. Since the cross-prediction found between Chr I and Chr VIII is the highest as shown in Column 5(a), the saving from cross-chromosome predictions is the largest. While the size of repetitive regions in cross-predictions ranged from 5% to 22%, their savings are between 9% and 60%.

Conclusion {#s4}
==========

The state-of-the-art DNA compression algorithms consider repetitions within the current sequence. However, similarities exist across different chromosome sequences. Here, we described cross-chromosomal similarities in *S. cerevisiae*.

We find that cross-chromosomal similarities are always significant as compared to self-chromosomal similarities. For example, the average percentage of similar subsequences between two chromosome sequences is about 10% in which 8% comes from cross-chromosomal prediction and 2% from self-chromosomal prediction. For 16 chromosome sequences of *S. cerevisiae*, the average percentage is about 18% in which 16.8% comes from cross-chromosomal prediction and 1.2% from self-chromosomal prediction. Therefore, it would be advantages to compress different chromosome sequences together to take advantage of cross-chromosomal similarities.

Our experimental results demonstrate that on average an additional 23% of storage is reduced in cross-chromosomal predictions as compared to self-chromosomal predictions. Therefore, a high compression ratio is obtained by considering both self-prediction and cross-predictions for the entire set of chromosomes. Our future work is to extend this analysis to cross-similarities between species and to develop a systematic approach for incorporating both self-chromosomal and cross-chromosomal predictions into DNA sequence compression.
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======================

###### Data 1

This work is supported by the Centre for Signal Processing (1BB9F), the Hong Kong Polytechnic University. Paula Wu acknowledges the research studentships provided by the University.
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